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Radion production in exclusive processes at CERN LHC
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In the Randall-Sundrum (RS) scenario the compactification radius of the extra dimension is
stabilized by the radion, which is a scalar field lighter than the graviton Kaluza-Klein states. It
implies that the detection of the radion will be the first signature of the stabilized RS model. In this
paper we study the exclusive production of the radion in electromagnetic and diffractive hadron -
hadron collisions at the LHC. Our results demonstrate that the diffractive production of radion is
dominant and should be feasible of study at CERN LHC.
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I. INTRODUCTION
The search for particles beyond the Standard Model is one of the key issues of the ATLAS and CMS experiments at
LHC. In particular, these experiments could test the theories with extra dimensions, which aim to solve the hierarchy
problem by bringing the gravity scale closer to the eletroweak scale (For a review see, e.g., [1]). In recent years, the
scenario proposed by Randall and Sundrum (RS) [2], in which there are two (3+1)-dimensional branes separated in
a 5th dimension, has attracted a great deal of attention. This model predicts a Kaluza-Klein tower of gravitons and
a graviscalar, called radion, which stabilize the size of the extra dimension without fine tuning of parameters and is
the lowest gravitational excitation in this scenario. The mass of radion is expected to be of order of O(TeV), which
implies that the detection of the radion will be the first signature of the RS model.
Several authors have discussed the search of the radion in inclusive processes at Tevatron and LHC [3–9]. In this
paper we extend these previous studies for exclusive processes, in which the hadrons colliding remain intact after
the interaction, losing only a small fraction of their initial energy and escaping the central detectors [10]. The signal
would be a clear one with a radion tagged in the central region of the detector accompanied by regions of low hadronic
activity, the so-called ”rapidity gaps”. In contrast to the inclusive production, which is characterized by large QCD
activity and backgrounds which complicate the identification of a new physics signal, the exclusive production will
be characterized by a clean topology associated to hadron - hadron interactions mediated by colorless exchanges. In
what follows, we will calculate the radion production considering photon - photon or Pomeron - Pomeron interactions
for pp, pPb and PbPb collisions at LHC energies. In particular, we will extend for radion production the perturbative
KMR model [11] (For a recent review see [12]), which has been extensively used to calculate the exclusive diffractive
production in hadron colliders considering Pomeron - Pomeron interactions, with predictions which are in agreement
with the rates observed at the Tevatron [13].
This paper is organized as follows. In the next section we present a brief review of the formalism necessary for
calculate the radion production in electromagnetic and diffractive interactions in hadron - hadron collisions. Moreover,
we discuss the extension of the survival probability gap for nuclear collisions. In Section III we present our results for
the radion production in pp, pA and AA collisions for LHC energies. Finally, in Section IV we present a summary of
our main conclusions.
II. RADION PRODUCTION
In exclusive processes the radion can be produced in photon - photon and Pomeron - Pomeron interactions (See Fig.
1). In both cases, rapidity gaps between the radion and the hadrons colliding are expected. Let us start our analysis
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FIG. 1: (Color online) Exclusive radion production in (a) γγ and (b) Pomeron - Pomeron interactions.
considering the radion production in photon-photon interactions which can occur in coherent hadronic processes (For a
review see, e.g., [14]). At large impact parameter (b > Rh1 +Rh2) and ultra-relativistic energies, we expect dominance
of the electromagnetic interaction. In heavy ion colliders, the heavy nuclei give rise to strong electromagnetic fields
due to the coherent action of all protons in the nucleus, which can interact with each other. Similarly, this also occurs
when considering ultra- relativistic protons in pp(p¯) colliders. The photon emitted from the electromagnetic field of
one of the two colliding hadrons can interact with one photon of the other hadron (two-photon process) or directly
with the other hadron (photon-hadron process). The total cross section for a given process can be factorized in terms
of the equivalent flux of photons of the hadron projectile and the photon-photon or photon-target production cross
section [14]. In particular, the total cross section for the radion production will be given by
σ[h1h2 → h1 ⊗ Φ⊗ h2] =
∫ ∞
0
dω1
ω1
∫ ∞
0
dω2
ω2
F (ω1, ω2)σγγ→Φ(Wγγ =
√
4ω1ω2), (1)
where ⊗ means the presence of a rapidity gap, F (ω1, ω2) is the folded photon spectra and σγγ→Φ is the cross-section
of the fusion of two photons to produce the radion. The folded photon spectra is given by [15]
F (ω1, ω2) = 2pi
∫ ∞
R1
db1b1
∫ ∞
R2
db2b2
∫ 2pi
0
dφ N1(ω1, b1)N2(ω2, b2)Θ(b −R1 −R2), (2)
where Ri are the projectile radii and b
2 = b21 + b
2
2 − 2b1b2 cos θ. The theta function ensures that the hadrons do not
overlap. The Weizsa¨cker-Williams photon spectrum for a given impact parameter of two colliding hadrons is given by
[14]
N(ω, b) =
αemZ
2
pi2
(
ξ
b
)2{
K21(ξ) +
1
γ2
K20 (ξ)
}
, (3)
with K0,1 modified Bessel function of second kind, ξ = ωb/γβ, β is the speed of the hadron, γ is the Lorentz factor
and αem is the electromagnetic coupling constant. This approximation is valid for heavy ion only, with the radii
given by R ≃ 1.2A1/3 fm. For protons, the equivalent photon spectrum can be obtained from its elastic form factors
in the dipole approximation (See e.g. [16]). An alternative is to use Eq. (3) assuming Rp = 0.7 fm for the proton
radius, which implies a good agreement with the parametrization of the luminosity obtained in [17] for proton-proton
collisions. The γγ → Φ cross section can be expressed as follows
σγγ→Φ =
8pi2
m3φ
Γ(Φ→ γγ) . (4)
The partial decay width of radion into two photons was calculated in [4, 5] and is given by:
Γ(Φ→ γγ) = α
2
emm
3
Φ
256pi3Λ2
Φ
{
−22
6
− [2 + 3xW + 3xW (2− xW )f(xW )] + 8
3
xt[1 + (1 − xt)f(xt)]
}2
, (5)
with mΦ is the radion mass, ΛΦ = 〈Φ〉 ≈ O(v) (v the VEV of the Higgs field) determines the strength of the coupling
of the radion to the standard model particles, xi = 4m
2
i /m
2
Φ (with i =W, t denoting the W boson and the top quark)
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FIG. 2: (Color online) Total cross section for radion production in proton-proton collisions as function of radion mass for
different mechanism of production, center of mass energies and values of the survival probability 〈S2〉.
and the auxiliary function f being given by
f(z) =


[
sin−1
(
1√
z
)]2
, z ≥ 1
− 1
4
[
log 1+
√
1−z
1−√1−z − ipi
]2
. z < 1
(6)
One of the main channels for radion production in hadron colliders is the gluon fusion, gg → Φ, similarly to the
SM Higgs boson production [4, 5]. However, it gets further enhancement from the trace anomaly for gauge fields,
which implies that the radion cross section is expected to be a factor ≈ 8 larger than the Higgs cross section over
most of the mass range [3]. This result motivates the study of radion production in exclusive processes mediated by
Pomeron - Pomeron (IP IP ) interactions. A QCD mechanism for the exclusive diffractive production of a heavy central
system has been proposed by Khoze, Martin and Ryskin (KMR) [11] with its predictions in broad agreement with
the observed rates measured by CDF Collaboration [13] (For a recent study see Ref. [18]). In this model, the total
cross section for radion production can be expressed in a factorizated form as follows
σtot =
∫
dy〈S2〉Lexcl 2pi
2
m3Φ
Γ(Φ→ gg) (7)
where 〈S2〉 is the survival probability gap (see below), Γ stand for the partial decay width of the radion Φ in a pair
of gluons and Lexcl is the effective luminosity, given by
Lexcl =
[
C
∫
dQ2t
Q4t
fg(x1, x
′
1, Q
2
t , µ
2)fg(x2, x
′
2, Q
2
t , µ
2)
]2
, (8)
where C = pi/[(N2C − 1)b], with b the t-slope (b = 4 GeV−2 in what follows), and the quantities fg being the skewed
unintegrated gluon densities. Since (x′ ≈ Qt/
√
s) ≪ (x ≈ MΦ/
√
s) ≪ 1 it is possible to express fg(x1, x′1, Q2t , µ2),
to single log accuracy, in terms of the conventional integral gluon density g(x), together with a known Sudakov
suppression T which ensures that the active gluons do not radiate in the evolution from Qt up to the hard scale
µ ≈MΦ/2. Following [19] we will assume that
fg(x,Q
2
T , µ
2) = Rg
∂
∂ lnQ2T
[√
T (Qt, µ) xg(x,Q
2
T )
]
(9)
where
Rg =
22λ+3√
pi
Γ(λ+ 5/2)
Γ(λ+ 4)
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FIG. 3: (Color online) Total cross section for radion production in (a) PbPb and (b) pPb collisions as function of radion mass
for different mechanism of production and values of the survival probability 〈S2〉.
accounts for the single logQ2 skewed effect, being Rg ∼ 1.2(1.4) for LHC (Tevatron), and the Sudakov factor is given
by
T (Qt, µ) = exp
{
−
∫ µ2
Q2
t
dk2t
k2t
αs(k
2
t )
2pi
∫ 1−∆
0
dz
[
zPgg(z) +
∑
q
Pqg
]}
, (10)
with ∆ = kt/(µ+ kt) and P (z) the leading order DGLAP splitting functions. Moreover, the partial decay width of
one radion into two gluons is [4, 5]
Γ[Φ→ gg] = α
2
sm
3
Φ
32pi3Λ2φ
∣∣∣∣153 + xt[1 + (1− xt)f(xt))]
∣∣∣∣
2
. (11)
In this paper we will calculate fg in the proton case considering that the integrated gluon distribution xg(x,Q
2
T ) is
described by the CTEQ6L parameterization [20]. In the nuclear case we will include the shadowing effects in fAg
considering that the nuclear gluon distribution is given by the EKS98 parameterization [21], where xgA(x,Q
2
T ) =
ARAg (x,Q
2
T )xgp(x,Q
2
T ), with Rg describing the nuclear effects in xgA. Moreover, we assume in our calculations
Λφ = 1 TeV.
In order to obtain realistic predictions for the radion production by pomeron-pomeron fusion using the KMR
model, it is crucial to use an adequate value for the survival probability gap, 〈S2〉. This factor is the probability that
secondaries, which are produced by soft rescatterings do not populate the rapidity gaps (For a detailed discussion see
[12]). In the case of proton-proton collisions, we will assume that 〈S2〉 = 3 (5)% for LHC (Tevatron) energies [19].
However, the value of the survival probability for nuclear collisions still is an open question. An estimate of 〈S2〉 for
nuclear collisions was calculated in [22] using the Glauber model, which have obtained 〈S2〉 = 8× 10−4 (8.16× 10−7)
for pAu (AuAu) collisions at LHC energies. Another conservative estimate can be obtained assuming that 〈S2〉A1A2 =
〈S2〉pp/(A1.A2) (For a discussion about nuclear diffraction see [23]). In what follows we will consider these two models
for 〈S2〉A1A2 when considering radion production by pomeron-pomeron fusion. It is important to emphasize that, in
contrast, the value of the survival probability is of the order of unity for the γγ → Φ process in pp/pA/AA collisions.
III. RESULTS
In Figs. 2 and 3 we present our results for the dependence of the total cross section for radion production on
the radion mass considering γγ and IPIP interactions. In Fig. 2 we calculate the cross section for pp collisions and
Tevatron (
√
s = 2.0 TeV) and LHC (
√
s = 14.0 TeV) energies. On the other hand, in Fig. 3 we consider (a) PbPb
and (b) pPb collisions for LHC energies:
√
s = 5.5 TeV and 8.8 TeV, respectively. The γγ → Φ mechanism provides
a natural lower limit for the radion exclusive production rate. Moreover, as the photon flux scales as the squared
charged of the beam, Z2, two photon cross sections are extremely enhanced for ion beams. However, they are ever
smaller than the predictions for radion production by IPIP interactions in PbPb and pPb collisions, independently
5γγ IPIP
pp 3.0 700
pPb 4.5 × 10−3 9× 10−2
3 60
PbPb 2.5 × 10−4 3.5× 10−1
TABLE I: The events rate/year for the radion production in pp/pPb/PbPb collisions at LHC energies considering the γγ and
IPIP mechanisms and mΦ = 200 GeV.
of the model considered for the survival probability 〈S2〉. In the case of pp collisions, they only are similar for large
values of the radion mass. In comparison to the pp case, the IP IP predictions for AA (pPb) nuclear collisions are
enhanced by a factor A4 (A2). However, they are strongly reduced by the survival probability. In the PbPb case
the predictions obtained using the model proposed in [22] and our naive model are very similar. In contrast, for pPb
collisions, they differ by a factor 5. Assuming the IP IP predictions obtained using our model for 〈S2〉 as being a lower
bound and that mΦ = 200 GeV, one obtain that the radion production by this mechanism is a factor 180 (36) larger
than the γγ predictions for PbPb (pPb) collisions. In comparison to the exclusive Higgs production in pp collisions
[19] we predict cross sections that are a factor ≈ 10 larger. This enhancement is directly associated to the trace
anomaly for gauge fields, which leads to additional effective radion coupling to gluons or photons.
Let us now to compute the production rates for LHC energies considering the distinct mechanisms. The results
are presented in Table I. At LHC we assume the design luminosities L = 107/ 150/ 0.5 mb−1s−1 for pp/pPb/PbPb
collisions at
√
s = 14/ 8.8/ 5.5 TeV and a run time of 107 (106) s for collisions with protons (ions). Moreover, we
also consider the upgraded pPb scenario proposed in Ref. [16], which analyse a potential path to improve the pPb
luminosity and the running time. These authors proposed the following scenario for pPb collisions: L = 104 mb−1s−1
and a run time of 107 s. The corresponding event rates are presented in the third line of the Table I. Our results
indicate that for the default settings and running times, the statistics are marginal for PbPb collisions. Consequently,
the possibility to carry out a measurement of the radion in γγ and IPIP interactions is virtually null in these collisions.
On the other hand, in pp collisions the event rates are reasonable, in particular for IP IP interactions. In comparison to
the inclusive radion production [5], our predictions for exclusive production are a factor ≤ 10−4 smaller. Despite their
much smaller cross sections, the clean topology of exclusive radion production implies a larger signal to background
ratio. Therefore, the experimental detection is in principle feasible. However, the signal is expected to be reduced due
to the event pileup which eliminates one of the main advantages of the exclusive processes. In contrast, in pA collisions
it is expected to trigger on and carry out the measurement with almost no pileup [16]. Therefore, the upgraded pA
scenario provides the best possibility to detect the radion in an exclusive process.
Some comments are in order. The exclusive cross sections for radion production are inversely proportional to Λ2Φ,
which still is a free parameter. Here we assume ΛΦ = 1 TeV as in [4, 5]. Moreover, our predictions are strongly
dependent of the radion mass. In Table I we have considered mΦ = 200 GeV. Larger values imply that the radion
measurement in exclusive processes would not be possible at LHC. Finally, the value of the survival probability for
processes involving nuclei still is an open question. In this paper we calculated the cross sections considering two
phenomenological models for 〈S2〉 and estimated the event rates assuming a pessimistic scenario. However, these
points deserve a more detailed study which we postpone for a future publication.
IV. SUMMARY
Exclusive processes have already been observed at the Tevatron with rates in broad agreement with the theoretical
predictions. It is expected that at LHC the addition of forward proton taggers [24] to enhance the discovery and
physics potential of the ATLAS, CMS and ALICE detectors [25–27]. One of the possible scenarios which could be
analyzed is that proposed by Randall and Sundrum (RS) [2], which predicts the radion as the lowest gravitational
excitation in order to stabilize the size of the extra dimension. As the mass of radion is expected to be ≈ TeV, the
detection of the radion will be the first signature of the RS model. In this paper we study the exclusive production of
the radion in electromagnetic and diffractive hadron - hadron collisions at the LHC. We predict larger cross sections
in comparison to the Higgs production in exclusive processes. Our results demonstrate that the diffractive production
of radion is dominant and should be feasible of study at CERN LHC.
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